. The results indicate that although SSI increases the flexibility of the structure (accordingly increasing fundamental period), the seismic demand of the bridge increases. This increase is more pronounced as the soil becomes softer.
I. INTRODUCTION
Generally, bridges are analyzed and designed as seismic-resistant structures using fixed base supports due to the common belief that fixed base is a conservative assumption. This assumption simply means ignoring the effect of soil-structure interaction (SSI), although most bridges are supported on piled foundation featuring higher effects of SSI and foundation flexibility. This hence significantly influences the seismic response of structures. Several studies encountered in the literature investigate the seismic response of bridges [1]- [8] where some of the researches show that considering SSI leads to an increase in seismic demands, while other show beneficial effect of considering SSI. Such observations indicate that there is no general agreement in the literature about the effect of SSI on seismic demands.
Several techniques are available in the literature on how to model SSI problems. The direct approach, where the whole soil volume is included in the model, provides the highest ability for dealing with complex soil properties [16] , but with a drawback due to its large computational time that may require days or even weeks for just a single run [7] . To the contrary comes the lumped spring model where the whole foundation soil system is replaced by sets of springs-dashpots at the foundation level, which cannot fully capture the complexity in soil behavior and the uncertainty in soil properties [17] . The modified dynamic p-y analysis method is hence introduced [18] to provide a compromise between the computationally time consuming direct approach, and the low accuracy of the lumped spring technique. It secures the capacity to solve the model in a relatively short time along with an acceptable accuracy which makes it the most suitable technique especially for the case of an overwhelming number of runs required in such computationally demanding applications.The paper aims to investigate the inelastic seismic behavior of a continuous bridge by the mean of pushover and nonlinear incremental time history analysis using 18 bedrock real earthquake motions extracted from PEER. Three types of sand soils representing medium to stiff soil are investigated. Seven seismic parameters (namely, fundamental period, pushover curves, foundation rigid body motions, global ductility capacity and demand, maximum deck drift ratio, and base shear) are examined and compared to the fixed base assumption to determine the effect of SSI on the performance of the case-study bridge.
II. CASE-STUDY BRIDGE DESCRIPTION
The case study bridge in this paper is a multi-span continuous box girder bridge adapted from [9] along with introducing a piled foundation system. The selected bridge consists of 9 spans with a total length of 430 m as shown in Error! Reference source not found.. The bridge deck has a typical cross-section of a double-vent box girder as shown in Fig. 2 -a and Fig. 2 -b that is monolithically connected to the two middle piers, while the two adjacent piers are connected to the deck through fixed pot bearings. The deck is also resting on the remaining piers and the two end abutments through roller supports allowing for its thermal longitudinal (translation) motion. The bridge piers have a typical cross-section as shown in Fig. 3 each resting on 12 piles with an embedment depth of 25 m. The bridge is designed following loads and ductility consideration as per [10] and [11] to stand a moderate earthquake with an effective peak ground acceleration equal to 0.25g and considering a response modification factor of 5. The bridge foundation system is embedded in idealized sandy soil with a total depth of 52m above bedrock as shown in Fig. 5 -a. Three types of sandy soils are investigated in the present paper (namely, very dense, dense, and compacted sand designated by Soil 1, 2 and 3, respectively). 
III. NUMERICAL MODELS
The bridge is idealized using a 2D model in the longitudinal direction using Opensees [12] . Two types of models are developed. The first model has the superstructure with a fixed base where SSI is ignored, while the second model includes the pile-soil system allowing for the consideration of SSI. Three main assumptions are considered in this study: the foundation structural elements and the deck are assumed to remain linear elastic during the analysis as per common practice in design codes [13] ; inelastic behavior of soil and piers are considered; and the geometric nonlinearity due to P-Δ effects is modeled. The bridge deck is modeled using equivalent linear beam-column elements (as inelastic behavior is not anticipated). The piers are modeled using beam-column elements with concentrated plastic hinges at piers' ends. The lumped plastic hinges are modeled as per [14] , [15] . The second model is the Soil-Foundation-Bridge Model (SFB) where the first model is modified through replacing the fixed base supports by the pile-soil system as shown in Fig. 4 . SFB model is developed following the guidelines in [16] - [20] . The pile-soil system consists of two parts. The first is the pile-cap and the supporting piles. The pile-cap is modeled using linear elastic planar elements, while piles are modeled using equivalent linear elastic frame elements (as the inelastic behavior is not expected within pile shafts). The second part is the soil medium which consists of a soil column modeled using plane strain elements with nonlinear Pressure Depend Multi-Yield Material (PDMY) developed in OPENSEES by [21] capable of capturing hydrostatic behavior of cohesionless soil, and soil nodes that are constrained to equal displacement at equal heights to allow for the soil column to act as a shear beam in order to generate the required free-field motion. The soil column is then connected to piles through nonlinear complex elements as shown in Fig. 5 -b, namely horizontal soil interfacing springs (p-y), nonlinear vertical soil interfacing skin friction springs (t-z), and a nonlinear end bearing soil interfacing spring (q-z) based on recommendations in [22] . The soil interfacing elements are used to capture the near-field inelastic behavior including gap effect and dragging resistance which is taken as 30% of the ultimate resistance as recommended by [16] and [19] .Damping is presented in the model using three types. The first is a material damping due to the hydrostatic behavior of soil and piers. The second is radiational damping (presented in soil medium [23] ) which is modeled through the soil interface element developed by [16] using a damping dashpot calculated according to [24] . The third is provided using Rayleigh damping (to provide material damping for elastic parts) with the values of 5% and 2% for elastic concrete parts as per design codes recommendationsand soil medium (to provide damping in soil under low strain to minimize convergence problems [25] ), respectively. In additional to Rayleigh damping, numerical damping is imposed using Newmark time integration values of β=0.3025 and γ= 0.605 to decrease the high-frequency noise developed in the model [7] . A reduction factor (namely, P-multiplier factor) is considered for the piles lateral capacity due to pile-pile interaction. As piles are placed near to each other each pile decrease the lateral resistance of nearby pile resulting in a reduction of the overall lateral stiffness of the pile group [26] . A P-multiplier factor which changes from one row to the other depending on loading direction is calculated for each pile row as per [27] . As the earthquake is a reversible load and since it is numerically complicated to change the P-multiplier for each time step, a simplified solution is used to overcome this problem through the use of an average uniform P-multiplier for all piles; such approach is appropriate when studying the "global" dynamic response [28] .
IV. ANALYSIS METHODOLOGY
The nonlinear dynamic analysis of the SFB Model proposed herein is divided into three stages in order to simulate the staged construction and the soil condition in both pre-and post-construction periods [19] : Stage 1: only the soil columns are modeled and the analysis is performed under own weight (conducting transient analysis). A large value for numerical damping is imposed through Newmark time integration values of β=1.0 and γ= 1.5 in order to develop the initial stress in the soil medium.
Stage 2: the bridge structural elements are added and connected to the soil column, and the whole system is then analyzed using transient analysis with high numerical damping values imposed through using Newmark time integration values of 1.0 and 1.5 for β and γ, respectively, to damp out any vibration generated from applying the bridge loads. For more details regarding adopted models, damping, and analysis methodology refer to [29] .
V. SELECTED GROUND MOTION RECORDS
Eighteen bedrock ground motions (suitable for application at the bedrock level of all developed FE models) are selected to investigate the seismic response of the case-study bridge with three investigated soil types. The selected ground motions are adopted from [30] and were originally extracted from the PEER Strong Motion Database. All records are selected to be in rock soil in order to avoid uncertainties related to various soil effects [31] - [35] . The records are selected to have a magnitude ranging from 5.9 to 7.4 with different fault mechanisms. Fig. 6 shows the scaled acceleration response spectrum of the selected records scaled to the same PGA (namely, 0.1g) just for illustration purposes. In the model with SSI (viz. SFB model), the seismic records are directly applied at the bedrock level as shown in Fig. 5 . On the other hand, for the fixed base model, a free-field analysis is first carried out by applying the pre-selected bedrock motions at the bedrock level of a soil column. The soil column is modeled in Opensees by nonlinear PDMY material with properties similar to those of the investigated sand soils adopted in the SFB models of the present research. Then, in a subsequent complementary step, the motion retrieved at top of the soil column (specifically at same level of the pile-cap top) is used as the input motion at the fixed bases (i.e., the fixed supports/piers of the case-study bridge fixed base model) [please refer to [29] for further clarification]. 
VI. RESULTS & DISCUSSIONS

A. Fundamental Period, T 1
The fundamental period is an important indicator for the structural stiffness and soil damping providing an important parameter for determining the expected seismic demand with the help of the response spectrum. The fundamental period of the bridge can be used to determine how the foundation stiffness and soil damping affected the overall stiffness and flexibility of the bridge by comparing the change in structure fundamental period relative to the model with the fixed base (refer to Table I ).
The analysis is carried out using the Eigenvector method in Opensees to determine the fundamental period of the studied bridge in longitudinal direction under different foundation conditions. The SSI-estimated values of the fundamental period of the bridge increase as the soil becomes softer; this increase reaches up to 1.5 times for the softest soil considered (namely, soil (3)). Therefore, it should be anticipated that considering SSI results in a lower dynamic response (i.e., reduced seismic demand), while on the other hand, adopting fixed base entails a more conservative assumption. The last statement is not completely accurate as will be shown in the next sections. 
B. Pushover analysis
Pushover analysis is carried out in the bridge longitudinal direction using displacement control method for the different models of the case-study bridge (namely, fixed base model and three SFB models with different soil properties). Pushover analysis is carried out for the model with the fixed base in two phases. In the first phase, gravity loads are applied and analyzed, then an incremental displacement is applied at deck level until the bridge reaches a target displacement. For SFB models, the three stages presented in section IV are performed while replacing stage 3 above by an incrementally increasing displacement applied at deck level until reaching the target displacement.
When the bridge is subjected to a lateral load or deck displacement, the bridge deck undergoes a lateral displacement U total relative to the far-field soil as shown in equation (1) and Fig. 7 . ϴ f and Δ f are rocking and swaying of foundation, respectively, which contribute to the rigid body displacement at bridge deck. Δ y and Δ p are the yielding and plastic displacements generated in bridge piers due to internal deformation, respectively.
(1) 
Fig. 7 Idealized bridge pier under lateral loads
The pushover curves are plotted in Fig. 8 and Fig. 9 showing the effect of SSI on bridge performance. Fig. 8 shows that considering foundation system flexibility results in an increase in the lateral displacement of bridge deck due to the rigid body motion mobilized by foundation displacement, Δ f and foundation rotation, ϴ f H which cause a shift in pushover curve reaching up to 18% at yielding point. Fig. 9 shows the clear (actual) effect of the SSI on the elastic and plastic performance of the bridge when removing the effect of rigid body motion of the foundation. It also shows that the maximum capacity of the bridge is marginally reduced by only about 1% due to the P-Δ effects resulting from foundation rotation. Fig. 8 Pushover curve for studied bridge considering foundation displacement and rotation Fig. 9 Pushover curve for the case study bridge with rigid motions effects eliminated C. Global Ductility Capacity, μ s The bridge global ductility capacity μ s (calculated as the ratio between ultimate total displacements U total to the yielding displacement U y ) considering SSI is calculated based on the pushover analysis for different soil types and hence compared with the fixed base model as shown in Table II . The results show that the ductility capacity of the system decreases by about 10% due to foundation flexibility resulting in a rigid body motion of bridge supports. This change is mainly due to foundation rocking which increases the relative displacement between deck and foundation and accordingly results in an increase of the P-Δ effects. Therefore, the bridge global ductility capacity does not predict the true seismic lateral behavior of the bridge since it considers rigid motions of the foundation; note that the latter does not cause direct damage to the superstructure. 
D. Incremental dynamic analysis, IDA
Incremental dynamic analysis (IDA) introduced by [36] is carried out in the bridge longitudinal direction for the selected eighteen earthquake records by gradually increasing earthquake intensity (PGV at bedrock) to cover the entire range of behavior for the bridge from the elastic performance level up to collapse limit state. Several Engineering Demand Parameters [EDPs] are investigated (namely, foundation rigid body motions, global ductility demand, maximum deck drift ratio, and base shear). The selection of PGV as an optimal intensity measure (IM) is recommended by previous researches conducted in the literature considering SSI such as [20] , [32] , [37] - [39] . As an appropriate IM, PGV is expected to realize a good correlation between the earthquake intensity and the various studied response parameters, i.e., EDPs of interest herein.
E. The Foundation Motion Effect
The flexibility of foundation when considered in the analysis model results in both lateral movement of the foundation base as well as the foundation rotation. The lateral movement of the foundation has a limited effect on deck displacement and is also found to have an absolute insignificant value as shown in Fig. 10 ; it just contributes by a very marginal increase in deck displacement of less than 2%, and this negligible percentage further reduces to near zero (i.e., practically vanishes) as the drift ratio of the bridge deck increases. In addition, this lateral rigid translation of the foundation has almost no contribution to P-delta effects.
Fig. 10 Percentage of increase in the deck displacement (drift) due to foundation displacment w.r.t. the deck drift from Pushover analysis
On the other hand, the foundation rotation shows a more significant effect on the lateral displacement value of the pier top (and accordingly the deck) and hence contributes to additional load effects due to P-Δ. Therefore, its effect has been considered under both inelastic static loading (pushover) and dynamic loading (IDA). Fig. 11 shows the amount of increase in the lateral drift (displacement) of the bridge deck caused by the foundation rotation. Studying the curves indicates that such rotation has the largest effect reaching up to 15% (from pushover analysis) under low drift ratios up to 0.006 (this point indicates the beginning of inelastic response of piers), which represents operational limit state [40] . After that, the plastic deformation in the bridge piers begins to develop, and as the drift ratio increases the effect of foundation rotation on the overall displacement decreases until it reaches about only 4% at a deck drift of 0.024 (from pushover analysis) representing collapse limit state [40] . In addition, results show that softer soil has higher foundation rotation, but despite that, the difference between the effects of the three investigated soil profiles are less than 1% of the pier deformation. Moreover, comparing results from pushover analysis and IDA shows that pushover analysis overestimates the effect of foundation rotation on the deck drift compared to IDA. Therefore, pushover analysis provides an upper boundary of the foundation rotation effect on deck drift, especially at life safety limit state (namely, at a deck drift equal to 0.015 [40] ). The drift ratio is measured as the difference between deck displacement and pier base displacement (including piers deformations plus the rigid body motion generated from the foundation rotation, ϴ f H, divided by pier height [41] , [42] ). The maximum drift ratio is thus calculated according to Equation (2) from the results of the incremental dynamic analysis. Fig. 12 shows the mean value for deck drift for the three investigated soil types with and without SSI. Results indicate the cases where modeling SSI shows higher deck drift ratios under the same PGV due to foundation flexibility and rigid rotation generated at foundation level. Also, as the soil becomes softer the deck drift increases.
(2) Fig. 12 The mean maximum horizontal deck drift versus PGV at bedrock for investigated soils with and without SSI G. Global Ductility Demand, Global (displacement) ductility demand is generally used to quantify the inelastic response of structures. The ductility demand is calculated by measuring deck maximum drift (excluding all aspects of rigid motions be it rigid translation, i.e., sliding, or foundation rotation, i.e., rocking) and dividing it by the system yielding displacement calculated from pushover analysis of the bridge with fixed base (i.e., SSI ignored) [41] , [43] . The global ductility demand is calculated according to Equation (3) from the results of incremental dynamic analyses. Global ductility demand is a more accurate indicator of the effect of SSI compared to ductility capacity determined from a pushover, as the ductility capacity inherently includes the rigid body motion due to foundation sliding and rocking [44] . Fig. 13 shows that SSI entails an increase in ductility demand compared to the fixed base assumption, and that as the soil becomes softer, the effect of SSI increases.
(3)
Fig. 13 Global ductility demand versus PGV at bedrock for investigated soils with and without SSI
H. Ductility Demand Ratio, DDR The ductility demand ratio (DDR) is the ratio between the global ductility demand of the bridge with the SSI effects considered to the global ductility demand without SSI (i.e., for fixed base case) under the same soil type. DDR is directly related to the effect of SSI on inelastic response, and the seismic demand of bridge (excluding rigid body motion). The results show an increase of ductility demand reaching up to 12%, 24%, and 33% -on averagefor soils 1, 2, and 3, respectively, under low earthquake intensitymeasured in terms of PGVas shown in Fig. 14. This increase slightly decreases as the earthquake intensity, i.e., PGV increases. Soil (1) shows an appreciable reduction in ductility demand compared to fixed base at PGV ranging from 0.18 to 0.28 m/s. Finally, results show that there is an average increase in ductility demand (for PGV ranging between 0 and 1.0 m/s) equal to 4.1%, 5.5%, and 8.6% for soils 1, 2, and 3, respectively. It can hence be concluded that both soil type and earthquake intensity in terms of PGV control the SSI effects on ductility demand ratio. As soil becomes softer, the ductility demands generally increases. 
I. Total Bridge Base Shear
The total bridge base shear is calculated as the sum of horizontal force generated at bottom section of all bridge piersaveraged among the eighteen records considered hereinat each earthquake intensity, i.e., at each considered PGV, from the incremental dynamic analysis. The base shear resulting from the SFB models is compared to that retrieved from the fixed base models for the same soil type. SSI results in large increase in bridge base shear reaching up to 62%, 28%, and 31% for soils 1, 2, and 3, respectively, as shown in Fig. 15 , at low-intensity earthquakes (namely, a very low bedrock-PGV equal to 0.01). Nevertheless, these values decrease dramatically with the increase of earthquake intensity as the bridge enters the inelastic range (i.e., as the bridge reaches its maximum force capacity) and undergoes large deformation demands with limited changes in the resistance. 
VII. CONCLUDING REMARKS
Main conclusions of the present research may be summarized in the following points: 1) The bridge longitudinal, fundamental period increases with the inclusion of SSI and for Soil (3) (softest soil considered) the fundamental period was about 1.5 times the corresponding fixed base value. 2) Ductility capacity is not a good indicator of the true seismic performance when SSI effects is considered as it is ruined by the bridge rigid body motion generated by sliding/rocking of foundation. 3) For the analyzed cases, SSI increased the global displacement ductility demand on average by 4.1%, 5.5%, and 8.6% for soils 1, 2, and 3, respectively. 4) SSI increased the bridge base shear at low-intensity excitations by 70%, 28%, and 31% for soils 1, 2, and 3, respectively, while this increase nearly vanished at highintensity excitations (i.e., as the structure enters significant excursions of inelastic demands near its maximum capacity). 5) The severity of the effect of SSI on the seismic bridge response in terms of displacement ductility demand and bridge base shear depends on the intensity of the earthquake. As the earthquake intensity increases in terms of PGV, the effect of SSI decreases. Finally, it is concluded that ignoring SSI generally underestimates the seismic response and demands of the bridge, especially for soft soils or low-intensity earthquakes.
